The programmed self-assembly of block copolymers into higher order nanoscale structures offers many attractive attributes for the development of new nanomaterials for numerous applications including drug delivery and biosensing. The incorporation of biomimetic silaffin peptides in these block copolymers enables the formation of hybrid organic-inorganic materials, which can potentially enhance the utility and stability of self-assembled nanostructures. We demonstrate the design, synthesis and characterization of amphiphilic elastin-like polypeptide (ELP) diblock copolymers that undergo temperature-triggered selfassembly into well-defined spherical micelles. Genetically encoded incorporation of the silaffin R5 peptide at the hydrophilic terminus of the diblock ELP leads to presentation of the silaffin R5 peptide on the coronae of the micelles, which results in localized condensation of silica and the formation of nearmonodisperse, discrete, sub-100 nm diameter hybrid ELP-silica particles. This synthesis method, can be carried out under mild reaction conditions suitable for bioactive materials, and will serve as the basis for the development and application of functional nanomaterials. Beyond silicification, the general strategies described herein may also be adapted for the synthesis of other biohybrid nanomaterials as well.
Introduction
Several biologically inspired methodologies for the facile synthesis of silica have been developed, [1] [2] [3] [4] and the discovery of peptides, [5] [6] [7] proteins, 8, 9 and polymers [10] [11] [12] that facilitate the polymerization of silica under physiologically relevant conditions at controllable rates has expanded the utility of silicastabilized organic materials. Two of the most prevalent biomimetic silica precipitants are polyamines and polypeptides that contain numerous lysine residues (e.g. poly-L-lysine), which have been used to template the formation of siliceous materials with various morphologies. [12] [13] [14] [15] [16] Kröger et al. first
reported the identification and characterization of silaffinspeptides with silica affinity-which are a group of polycationic peptides based on motifs isolated from the diatom Cylindrotheca fusiformis that enable the diatom to form its silica cell walls. 5 Study of gene sequences revealed a sequence of 265 amino acids containing seven homologous peptides that catalyzed biosilicification. These peptides, containing a high number of cationic residues (lysine and arginine), precipitate silica particles (of approximately 500 to 700 nm in diameter) under physiological conditions in a manner that depends on the concentration of the protein and solution pH. The same group also reported post-translational phosphorylation of the serine residues in the silaffin and modification of lysine residues with long-chain polyamines, and hypothesized that these post-translational modifications play an important role in silaffin-mediated silica condensation reactions. 6 However, the silaffin R5 peptide (see Fig. 1 for sequence) that is not posttranslationally modified facilitates silicification in phosphate buffer. 6, 17 Its lack of post-translational modification makes it an appealing candidate for applications in which it can be encoded in commonly used expression systems such as E. coli. The reported mechanism for silica mineralization of the silaffin R5 peptide depends on crosslinking of silaffin chains through solvent phosphate groups and presentation of a high density of cationic charges to favor silica condensation around the peptide assembly. 17 The applications of this peptide have resulted in numerous demonstrations of silicification. [18] [19] [20] [21] [22] However, the uncontrolled self-assembly of these R5 polypeptide templates prior to silica deposition often results in a network of fused silica nanoparticles.
Herein, we demonstrate that silaffin R5 peptides fused to elastin-like polypeptides (ELPs) that self-assemble into monodisperse micelles can be used as templates for the controlled deposition of near-monodisperse silica nanoparticles. ELPs are a family of peptide polymers composed of the repeating pentapeptide sequence VPGXG, where X is the guest residue, which can be any amino acid except Pro (P). ELPs exhibit an aqueous lower-critical solution temperature (LCST) transition that is dependent on intrinsic material parameters, such as the ELP's guest residue (X), 23 ,24 molecular weight, and concentration, 25 and extrinsic environmental factors, such as the type and concentration of salt. 23, 26, 27 ELPs can be encoded at the genetic level, expressed at high yield in E. coli and purified by exploiting their LCST behavior to produce monodisperse polypeptides that are entirely of the same composition, length, and physical properties. In addition, the ability to precisely encode complex block architectures at the gene level affords the possibility of creating polypeptides of enormous complexity with tight control. Chilkoti et al. have demonstrated in several previous papers that ELP block copolymers comprised of different ELP sequences with distinct LCSTs can form micellar structures within specific temperature ranges and can be used for applications such as drug delivery [28] [29] [30] and biosensing. 26, [31] [32] [33] Diblock ELP sequences have been previously designed to incorporate moieties appended to the hydrophilic ELP block, resulting in functionally decorated micelles, without disruption to the self-assembly process. 28, 32, 34 In addition, conjugation of amino acids in ELPs with hydrophobic small molecules and drugs has also led to self-assembly into nanoparticles.
35,36
Here we show a proof of concept that, by appending the silaffin R5 peptide to the hydrophilic terminus of an ELP diblock copolymer, the resulting polypeptide maintains its ability to self-assemble into micelles and is able to serve as an effective template for silicification and the formation of nearmonodisperse silica nanoparticles. ELPs are an attractive fusion partner for silica promoting polypeptides because they can be easily programmed at the genetic level to contain R5 or other polypeptides, produce assembled templates that are highly uniform in composition and size, and can be easily expressed and rapidly purified, resulting in large quantities of these hybrid materials. In addition, the modular design of ELPs can allow for additional control of silica morphologies based on its ELP template assemblies. Further, the encapsulation and retention of designed ELPs within the silica-polypeptide hybrids allow for facile loading of other molecular entities as well as control of particle size. These results set the stage for the synthesis of uniform hybrid ELP and silica nanoparticles for future applications such as drug delivery.
Materials and methods

Materials
Restriction enzymes BglI, NdeI, BseRI, AcuI, BamHI and XbaI, T4 DNA Ligase and calf intestinal phosphatase (CIP) were purchased from New England Biolabs (Ipswich, MA). pET-24a(+) vector was purchased from Novagen Inc. (Madison, WI) . BL21 E. coli competent cells were purchased from EdgeBio (Gaithersburg, MD). Oligonucleotides were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). Terrific Broth was purchased from MO BIO Labs, Inc. (Carlsbad, CA) and SDS-PAGE gels from BioRad, Inc. (Hercules, CA). Tetramethylorthosilicate (TMOS) was used as the silica precursor for condensation reactions and was obtained from Alfa Aesar (Ward Hill, MA). Quantifoil 300 mesh copper support grids (657-300-Cu) for cryogenic transmission electron microscopy were purchased from Electron Microscopy Sciences (Hatfield, PA). Alexa Fluor 488 Fluorescent Dye was purchased from Life Technologies (Carlsbad, CA).
Assembly of ELP-R5 silaffin gene
The control ELP and silaffin R5-ELP (herein referred to as ELP-R5) genes were assembled by recursive directional ligation by plasmid reconstruction (PRe-RDL). 37 The diblock gene encodes for 60 pentapeptide repeats with the guest residue valine as the hydrophobic (core) block and 60 pentapeptide repeats with the guest residues alanine and glycine in a 1 : 1 ratio as the hydrophilic (corona) block. A leader DNA sequence that encodes for MGCGWP was incorporated, so as to include a unique cysteine (C) for thiol-mediated conjugation of Alexa Fluor 488 and a tryptophan (W) for quantification of the ELP by UV-vis spectrophotometry at 350 nm. A pET-24a(+) vector encoding the ELP sequence was isolated from E. coli cells and purified by miniprep. Another pET-24a(+) vector containing the silaffin R5 sequence was obtained by insertion of designed oligonucleotides, encoding R5 silaffin, into an empty vector, as previously described. 23 PRe-RDL was performed by digestion of the ELP-encoding vector with AcuI and BglI restriction enzymes, digestion of silaffin-R5-encoding vector with BseRI and BglI, and gel isolation of the desired DNA fragments from each restriction digestion. T4 DNA ligase was used to ligate vector segments encoding the ELP sequence and silaffin R5 and the ligated plasmid was transformed into BL21(DE3) E. coli for expression. The gene for a control ELP (ELP-GG), without the trailing silaffin sequence, was similarly constructed.
Expression and purification of ELP-R5 silaffin
Expression of ELP-R5 and ELP-GG was carried out in E. coli containing the assembled plasmids as described previously. 37 Fresh Terrific Broth (TB) culture media was prepared at 55 g L −1 , autoclaved and supplemented with 45 mg mL −1 kanamycin. A hyperexpression protocol was used for ELP expression that relies on the inherent leakiness of the T7 promoter. 31 A single colony of E. coli harboring an expression plasmid that encodes for an ELP of interest was used to inoculate a 50 mL starter culture in TB. After one day of culture at 37°C at 200 rpm, cells were centrifuged the following day and resuspended in 10 mL of fresh TB and transferred into 1 liter TB and cultured at 37°C and 200 RPM rotation for 24 h. Cells were then centrifuged, resuspended in phosphate buffered saline (PBS; pH 7.4) and lysed by sonication. Purification of ELP-R5 was carried out by inverse transition cycling (ITC), as previously described. 38 Briefly, one cycle of ITC consists of addition of NaCl and increase of temperature until solution becomes turbid, indicating that the ELP has transitioned, followed by centrifugation at 25°C and 15 000g for 10 minutes to pellet the ELP, and resuspension of the pellet in fresh PBS or water. This step is followed by centrifugation at 4°C and 15 000g for 10 minutes to remove irreversibly aggregated material, the supernatant is transferred to a new tube. Three cycles of ITC were sufficient to produce pure ELP-R5 polypeptides, as characterized by SDS-PAGE.
Silica deposition using the method of Kröger et al.
Silica deposition was carried out using methods similar to those previously described by Kröger et al. 6 For all reactions, 2.5 mg mL −1 final concentration of ELP-R5 (or ELP-GG control) in PBS or water was prepared and incubated at 37°C for 15 min prior to reaction to ensure micelle formation. 1 M TMOS hydrolyzed in 1 mM HCl was prepared and mixed for 10 min by rotation at room temperature. The ELP-R5 solution was diluted to the final concentration and then hydrolyzed TMOS was added to the appropriate final TMOS concentration.
The mixture was allowed to react for a set period of time, before centrifugation at 10 000g and resuspended in DI water.
Conjugation of fluorescent dye to ELP
Fluorescently conjugated ELP was prepared by reaction of the single cysteine residue in ELP-R5 (or ELP-GG), with Alexa Fluor 488-maleimide. 100 µM ELP-R5 (or ELP-GG) was prepared in PBS at room temperature and then a ten-fold excess of tris-(2-carboxyethyl)phosphine (TCEP) was added to reduce disulfide bonds. A 10 mM stock solution of Alexa Fluor 488-maleimide was prepared and reacted with ELP-R5 (or ELP-GG control) at a molar ratio of fluor : ELP of 10 : 1. The reaction was allowed to continue for 12 h at 4°C, the reaction mixture was then dialyzed using a 10 K MWCO dialysis membrane (Thermo Scientific) to remove unreacted dye.
Characterization of silica encapsulation of ELP-R5
UV-vis spectrophotometry was performed on a Cary 300 UV-vis spectrophotometer (Agilent, Santa Clara, CA). 500 µL of a 20 µM ELP-R5 solution in water was aliquoted into a quartz crystal cuvette and placed into the sample well. The temperature dependent absorbance of the sample at 350 nm was measured from 20°C to 60°C at 0.1°C increments and at a rate of 1°C min −1 . Dynamic light scattering (DLS) was carried out on a DynaPro Plate Reader II (Wyatt Technology, Santa Barbara, CA). Measurements of hydrodynamic radii were made in triplicate, with each datum consisting of 10 acquisitions for 5 s each. The autocorrelation function was fitted by a regularization algorithm provided by the manufacturer to determine the hydrodynamic radius (R h ) of the ELPs. Zeta potential was measured on a Zetasizer Nano ZS (Malvern, UK) with 90°scat-tering optics. 900 µL of an ELP solution was placed into a mini-quartz cuvet, and measured three times for each condition. Three measurements were then averaged to create a single datum. Results and discussion Fig. 1A and B present a schematic and the amino acid sequence of the diblock ELP-R5 silaffin peptide. Raising the temperature above the critical micellization temperature (CMT) of ELP-R5 triggers its self-assembly into spherical micelles (Fig. 1C) , leading to the presentation of multiple copies of the R5 peptide on the corona of the micelle. We hypothesized that the presentation of a high local density of positively-charged residues in the silaffin R5 peptide at the corona of the micelle would selectively trigger the mineralization of silica (Fig. 1C) . We first characterized ELP-R5 to examine its self-assembly into spherical micelles and compared it to a diblock ELP-GG (negative control without silaffin) to determine whether appending the silaffin R5 peptide on the C-terminus of the ELP affects self-assembly. SDS-PAGE of purified ELP-R5 ( Fig. 2a lane 2) was consistent with its theoretical molecular weight (49.8 kDa), as was the case for the ELP-GG construct ( Fig. 2a lane 3; 47.8 kDa) . To determine the effect of the silaffin R5 peptide on micellization, we performed temperature-dependent turbidimetry and dynamic light scattering (DLS) measurements on a 25 µM solution of ELP-R5 in water (Fig. 2b) . The data show a slight increase in turbidity at approximately 33°C, which is indicative of micelle formation, 31 followed by a large increase in absorbance between 55°C and 60°C, resulting from the hydrophobic collapse of the coronal block and subsequent bulk aggregation of the ELP-R5 into micron size aggregates. 31 The temperature-dependent turbidity is in agreement with DLS measurements that show a similar increase in hydrodynamic radius (R h ) from ∼9 nm (unimer) to 25 nm (micelle) at approximately 33°C. In addition, the formation of micelles from ELP-R5 was reversible, such that micelles disassemble upon lowering the solution temperature below the T t (data not shown), consistent with previous results obtained for similar systems. 35 These data are consistent with those measured for the control ELP-GG that does not contain the silaffin R5 peptide (Fig. S1A and S1B †) and indicate a small to negligible effect on micelle formation from attachment of the silaffin R5 peptide to the ELP (Fig. S1C †) . These results suggest that micelle formation presents the silaffin R5 peptide on the corona of the micelle at a relatively high local concentration that we hypothesized should facilitate the condensation of silica.
To test this hypothesis, we next carried out silicification experiments to examine the formation of silica nanoparticles. Silicification reactions were first carried out in phosphate buffer using the method of Kröger et al. (see Methods) at 37°C for 30 s. These conditions resulted in the formation of clusters of relatively large fused spheres of silica with dimensions between 300 and 800 nm in diameter for ELP-R5 constructs (Fig. S2 †) . By contrast control experiments with the ELP-GG resulted in unappreciable formation of silica particles. This result is in agreement with previous studies that concluded that the assembly of silaffin mediated by the RRIL terminating sequence 17 in phosphate-containing solutions results in the formation and deposition of silica upon addition of silicic acid to form large, highly polydisperse and fused silica particles. Indeed, we suggest a similar mechanism in this circumstance,
i.e., that silaffin R5-conjugated ELP is crosslinked through electrostatic interactions in the presence of phosphate anions and that the addition of silicic acid to this solution of assembled templates results in silica polycondensation. 6, 17 To demonstrate that ELP-R5 is encapsulated within the silica particles as a result of the silicification reaction, we conjugated fluorescent Alexa Fluor 488 to the single cysteine of ELP-R5, and carried out the same silicification reactions. We then analyzed the resulting samples by fluorescence microscopy (Fig. S3 †) . Comparison of the differential interference contrast (DIC) images with the fluorescence images shows that the resulting silica particles align with the fluorescent signal emitted by the Alexa Fluor 488, suggesting the presence of fluorescent ELP-R5 within the fused silica particles. This result provides evidence that it is possible to employ ELP fusions with silaffin R5 to template the formation and arrangement of silica deposition and that their formation in phosphate buffer was driven by the mechanism described above.
We next hypothesized that a predetermined, controlled assembly of highly-monodisperse, micellar templates for silica deposition using ELP constructs, presenting silaffin peptides at the coronae accomplished without the addition of phosphate in solution, would lead to silica nanoparticles that are similarly individualized and monodisperse. We incubated solutions of ELP-R5 micelles in water with TMOS for varying periods of time at 37°C (a temperature that is greater than the CMT of ELP-R5 in water) and characterized the reaction products by cryo-TEM and light scattering. Cryo-TEM showed that the silica particles obtained by reaction 100 mM TMOS in the presence of ELP-R5 (2.5 mg mL −1 ) at 37°C for 8 h are of uniform size and discrete (i.e., not fused together as observed for reactions in the presence of phosphate ion, Fig. 3A and B) . Interestingly, the uniform particles are packed in a roughly hexagonal lattice within the vitreous ice; the lack of particles near the center of the grid hole is likely due to a decrease in the thickness of vitreous ice within the grid hole. Image analysis of >200 particles throughout the grid showed that the silica nanoparticles are near monodisperse in size with a mean diameter of 51 ± 4.8 nm. Analysis of contrast along the radial axis of individual particles suggests significant silica penetration into the ELP micelles. The resulting silica nanoparticles do not exhibit a core-shell structure as previously observed with templated silica particles, 12 and appear to be solid and similar to those studied by Thomassen et al., which were prepared by ammonia or lysine catalyzed hydrolysis and polycondensation reactions. 39 Furthermore, zeta potential measurements for ELP-GG control micelles and ELP-R5 micelles in solution at pH 7 prior to, and post silicification were obtained (Fig. 3C) . In contrast to ELP-R5 micelles alone (middle), which exhibit a positive zeta potential of 8.1 ± 0.7 mV, hybrid ELP-R5 silica particles formed through exposure to 100 mM TMOS for 8 hours resulted in a zeta potential of −27.1 ± 3.0 mV, due to the deposition of silica around the micelles and associated negative surface charge of deprotonated silanol groups. DLS measurements were also taken in a time-course study of the formation of silica on ELP-R5 (Fig. 4A ) using three different final TMOS concentrations -10 mM, 50 mM and 100 mMwith the concentration of ELP-R5 held constant for each reaction. The R h increased from ∼25 nm before the reaction to ∼35 nm for each of the three concentrations. The discrepancy between the measured hydrodynamic size through DLS and the observed size through cryo-TEM of the ELP/silica particles may be due to the fact that R h is calculated from correlation to particles with an equivalent diffusion coefficient, which may be overestimated for denser, inorganic particles compared to polymer materials, and that R h accounts for the solvation layer dimension while electron microscopy solely visualizes the particle size in solution. 40, 41 Interestingly, at all TMOS concentrations studied, there is a general trend in the data that suggests that the growth in the size of the nanoparticles upon silicification occurs during the first hour of measurement, after which no further significant increase in measured R h is observed. With regards to excess silica precursor within each reaction, we hypothesize that the formation of silica particles under the conditions of this study is dependent on the availability of a high density of cationic charges from ELP-R5 micelles. Away from these reaction centers, it is likely that the rate of condensation relative to hydrolysis is insufficient to promote the formation of silica and thus does not result in observable silica material within the experimental timescale. Importantly, we found the uniform silicification and formation of hybrid nanoparticles to be dependent on both the presence of the silaffin R5 peptide and the micelles (Fig. 4B) . While the ELP-R5 micelles resulted in a formation of hybrid particles of uniform size, both the ELP-GG control micelle without silaffin R5 peptide and the unassembled ELP-R5 unimer (i.e. silicified at 25°C, a temperature that is below the CMT of 33°C of ELP-R5 in water) resulted in a lack of silica particles under nearly identical experimental conditions. This is strong evidence that the presentation of a high local density of positive charges from the lysine and arginine residues of the silaffin R5 through micellization of the ELP-R5 construct is necessary to serve as growth centers for silica deposition on the nanoparticles.
Conclusion
We report the synthesis of discrete and monodisperse nanoparticles containing silica and an engineered polypeptide in a temperature-and assembly-dependent manner. By combining the temperature-triggered self-assembly of ELPs into monodisperse micelles with the silicification properties of the silaffin R5 peptide in water, we demonstrate the formation of very uniform, hybrid silica-polypeptide nanoparticles using a simple, isothermal reaction that may be suitable for biomedical or biotechnological applications. For example, this method is promising for encapsulation of therapeutic or imaging moieties within silica stabilized ELP nanoparticles. Furthermore, conjugation of the silaffin R5 to other selfassembling peptides that provide access to diverse nanoparticle morphologies may enable the facile synthesis of silica stabilized hybrid particles of various sizes and morphologies. Finally, the design of more complex, functional, self-assembling ELPs that incorporate spatially-specific or multiple biomineralization-promoting tags may enable the fabrication of more complex hybrid nanomaterials. and after (right, purple bars) incubation with 100 mM hydrolyzed TMOS for 8 h. *ELP-R5 micelles prior to and after silicification showed a significant difference in size ( p < 0.05, Student's t-test).
